1. Introduction {#sec1-jpm-10-00020}
===============

Alzheimer's disease (AD) is pathologically characterized by the accumulation of beta amyloid (Aβ), a peptide of 40 or 42 amino acids, in extracellular senile plaques, as well as intracellular neurofibrillary tangles (NFTs) mainly consisting of tau protein \[[@B1-jpm-10-00020],[@B2-jpm-10-00020]\]. Aβ is generated by the sequential cleavage of the transmembrane amyloid-β precursor protein (APP) via β- and γ-secretases \[[@B1-jpm-10-00020]\]. It has been shown that amyloidogenic APP processing mainly occurs in lipid rafts, which are caveolae-like membrane microdomains enriched in sphingolipids, glycolipids, and cholesterol, serving as dynamic platforms for signal transduction, protein trafficking, and clathrin-independent endocytosis \[[@B3-jpm-10-00020],[@B4-jpm-10-00020]\]. Most AD cases are sporadic, whereas a small percentage (1%--5%) of them are caused by mutations in genes including *APP*, *presenilin-1*, and *presenilin-2* \[[@B5-jpm-10-00020]\]. Although the exact etiology and pathophysiological mechanisms of AD remain elusive, growing preclinical and clinical evidence highlights the key role of the homeostasis of lipid rafts and both intra- and extracellular vesicles in AD pathogenesis, even at early stages of the disease \[[@B6-jpm-10-00020]\].

Currently, there is no easy and objective method available for early AD diagnosis. The combined estimation of reduced Aβ~42~ levels and increased phosphorylated tau protein levels in the cerebrospinal fluid (CSF) is the most well established biomarker for the diagnosis of the disease, along with Pittsburgh compound B and positron emission tomography (PiB-PET) for amyloid imaging \[[@B7-jpm-10-00020],[@B8-jpm-10-00020],[@B9-jpm-10-00020]\]. Although both methods can relatively reliably detect AD at prosymptomatic stages \[[@B8-jpm-10-00020],[@B9-jpm-10-00020]\], the lumbar puncture required for CSF collection is an invasive procedure demanding specialized staff technical skills and cannot be carried out in primary care settings \[[@B10-jpm-10-00020]\]. On the other hand, PiB-PET is quite expensive and not available worldwide. Specific patterns of various sets of plasma proteins or phospholipids have been proposed as promising AD biomarkers by several studies, usually involving specialized experimental procedures, such as mass spectrometry, or necessitating the measurement of multiple factors \[[@B7-jpm-10-00020]\]. In this context, an easily accessible and detectable marker with high sensitivity and specificity for AD diagnosis, reflecting Aβ burden or underlying AD pathophysiological mechanisms even at preclinical stages, is highly needed.

Flotillins are highly conserved hydrophobic myristoylated and palmitoylated proteins that belong to the prohibitin (PHB) family \[[@B3-jpm-10-00020]\]. They are located in the inner part of the plasma membrane and play an essential role in the formation of lipid rafts \[[@B3-jpm-10-00020],[@B4-jpm-10-00020]\]. Moreover, intracellular and extracellular vesicles are enriched in flotillins, whose subcellular localization is constantly changing \[[@B3-jpm-10-00020],[@B4-jpm-10-00020]\]. Flotillins were first detected in the lung plasma membrane of mice, described as "float like a flotilla of ships in the Triton-insoluble, buoyant fraction" \[[@B3-jpm-10-00020]\], and since then they have been widely utilized as markers of lipid rafts and exosomes for many years. In metazoans, there are two flotillin paralogues, termed as flotillin-1/reggie-2 and flotillin-2/reggie-1. Within cells, flotillins form flotillin-1/flotillin-2 hetero-oligomers mediated by C-terminal interactions \[[@B11-jpm-10-00020]\]. Their expression is particularly high in cell types lacking caveolin, including neurons. Functionally, flotillins are implicated in various cellular processes, including membrane--cytoskeletal interaction, membrane and vesicular trafficking, signal transduction, axonal regeneration, cell migration, and clathrin-independent endocytosis. It has been demonstrated that flotillins (mainly flotillin-1) are abundantly expressed in pyramidal neurons in the cortex, as well as in the astrocytes of the white matter of normal human brain tissue \[[@B12-jpm-10-00020]\]. Notably, their levels have been shown to be higher in brain samples from non-demented patients with amyloid plaques, subjects with Down syndrome (who overexpress APP), and AD patients compared with non-demented individuals without amyloid plaques \[[@B12-jpm-10-00020]\], suggesting a key role in AD pathogenesis. Since then, several preclinical and human studies have investigated the implication of flotillins in AD pathophysiology, also highlighting their potential as promising molecular biomarkers.

In this mini review, we summarize the emerging preclinical and clinical evidence on the role of flotillins in AD pathogenesis, and discuss their potential usage as biomarker candidates (Figure 1) for AD along with possible limitations.

2. The Role of Endocytic Pathway and Exosome Release in AD Pathogenesis {#sec2-jpm-10-00020}
=======================================================================

Abnormal APP processing, trafficking, and turnover are considered to play a major role in AD pathogenesis \[[@B1-jpm-10-00020]\]. Several studies indicate that amyloidogenic APP processing is predominantly carried out in lipid rafts, since APP, Aβ, presenilin-1, β-secretase, and specific components of the γ-secretase complex have been located in the membrane microdomains of neurons \[[@B13-jpm-10-00020],[@B14-jpm-10-00020],[@B15-jpm-10-00020],[@B16-jpm-10-00020],[@B17-jpm-10-00020]\]. On the contrary, non-amyloidogenic APP processing usually occurs in areas of the plasma membrane that are enriched in phospholipids \[[@B18-jpm-10-00020]\]. However, there is also evidence suggesting that amyloidogenic APP cleavage may occur outside lipid rafts. In particular, membrane cholesterol reduction in hippocampal neuronal cells from AD patients has been associated with enhanced β-site APP-cleaving enzyme 1 (BACE1)--APP colocalization and increased Aβ load, implying that amyloidogenic APP processing may be carried out in more fluid membrane domains \[[@B19-jpm-10-00020]\]. In addition, depletion of the cholesterol-synthesizing enzyme seladin-1 in mice has been shown to be related to decreased cholesterol levels, disrupted cholesterol-rich detergent-resistant membrane domains (DRMs), displacement of BACE1 from DRMs to membrane fractions containing APP, enhanced APP cleavage, and increased Aβ load \[[@B20-jpm-10-00020]\]. It has been proposed that BACE1 in cholesterol-rich membrane domains could represent a relatively inactive pool of the enzyme, which may be transferred to APP-containing domains under specific conditions. Based on these contradictory findings, more studies are needed in order to clarify this issue. Aβ can be produced by proteolytic cleavage of APP in the endoplasmic reticulum (ER) and *trans*-Golgi network, resulting in the formation of secretory vesicles. Alternatively, after APP internalization it can be directed from the plasma membrane into the endosomal system and subsequently targeted to lysosomes \[[@B21-jpm-10-00020],[@B22-jpm-10-00020]\]. Early endosomes are the first vesicles of endocytic pathway responsible for APP endocytosis \[[@B23-jpm-10-00020]\]. Internalization of APP into endosomes has been required for its cleavage by BACE1 \[[@B24-jpm-10-00020]\], which proteolyzes APP \[[@B25-jpm-10-00020]\]. Aβ generated in early endosomes has been also shown to be transported into late endosomes in a retrograde manner, leading to their fusion with cellular membrane and subsequent extracellular secretion as exosomes \[[@B26-jpm-10-00020]\]. Impaired APP endocytosis has been associated with reduction in the secretion of Aβ in vitro \[[@B27-jpm-10-00020]\], while abnormally enlarged endosomes have been identified in early stages of sporadic AD \[[@B23-jpm-10-00020]\]. Therefore, dysregulation of the endocytic pathway has been implicated in AD pathophysiology, mainly by affecting APP processing and trafficking.

Exosomes are small membrane vesicles (20--120 nm in diameter) derived from endosomes through the formation of multivesicular bodies, being able to transport their internalized content into recipient cells, thus mainly contributing to cell-to-cell communication \[[@B28-jpm-10-00020]\]. Exosomes can be secreted by various cell types, including neurons, astrocytes, oligodendrocytes, and microglia in the extracellular space and subsequently CSF, containing several kinds of cargos, including RNAs, micro-RNAs, and proteins \[[@B29-jpm-10-00020],[@B30-jpm-10-00020]\]. It has been suggested that exosomes may be involved in AD pathogenesis by affecting Aβ metabolism and aggregation, as well as through tau-related molecular mechanisms \[[@B31-jpm-10-00020]\]. More specifically, in vitro evidence has indicated that neuron-derived exosomes can bind to and promote conformational alterations in extracellular Aβ, leading to the formation of nontoxic amyloid fibrils. They can also enhance Aβ clearance by microglia through the facilitation of Aβ transportation to lysosomes for degradation \[[@B31-jpm-10-00020]\]. Exosome secretion by neurons has been shown to be regulated by enzymes involved in the metabolism of sphingolipids, such as sphingomyelin synthase 2 (SMS2) and neutral sphingomyelinase 2 (nSMase2) \[[@B31-jpm-10-00020]\]. Upregulation of exosome release with SMS2 siRNA use has been associated with increased Aβ uptake by microglia and reduced levels of extracellular Aβ in vitro \[[@B31-jpm-10-00020]\]. In vivo evidence has revealed that exogenous intracerebral injection of neuroblastoma-derived exosomes into APP transgenic mice led to decreased Aβ depositions and Aβ-induced synaptotoxicity in their hippocampus \[[@B32-jpm-10-00020]\]. In this study, glycosphingolipids (GSLs) enriched with glycans, which are essential components of exosome membrane, have exerted a contributing role in Aβ binding and internalization by the exosomes \[[@B32-jpm-10-00020]\]. Notably, apart from Aβ, exosomes also contain β- and γ-secretase complexes, full-length APP, as well as APP C-terminal fragments (CTFs) in APP transgenic mice, highlighting their potential contribution to Aβ metabolism in the brain \[[@B33-jpm-10-00020]\]. Apart from their role in Aβ pathology, secretion of phosphorylated tau proteins has been shown to be at least partially exosome-mediated in tauopathy models in vitro \[[@B34-jpm-10-00020]\]. Moreover, exosome-associated phosphorylated tau has been found released in the cerebrospinal fluid of AD patients \[[@B34-jpm-10-00020]\], further confirming the significant implication of exosomes in tau-related pathophysiology in human AD. It has been also demonstrated that exosomes can attenuate the Aβ-mediated disruption of synaptic plasticity in vivo \[[@B35-jpm-10-00020]\]. Another study has shown that Aβ~1--42~ treatment inhibited exosome release from astrocytes, as demonstrated by decreased flotillin levels in vitro, by inducing c-Jun N-terminal kinase (JNK) signaling pathway \[[@B29-jpm-10-00020]\]. Furthermore, exosomes, as Aβ carriers, have been proposed to contribute to the prion-like spreading of Aβ aggregates in AD \[[@B5-jpm-10-00020]\]. Collectively, these findings reveal the key role of exosomes in AD pathogenesis by affecting Aβ pathology, tau-related mechanisms, and Aβ-mediated neurotoxicity.

3. The Role of Flotillin in AD Pathogenesis {#sec3-jpm-10-00020}
===========================================

3.1. Evidence from Human Studies {#sec3dot1-jpm-10-00020}
--------------------------------

Several human studies support the potential implication of flotillin in AD pathogenesis. In this regard, it has been indicated that flotillin accumulates in the endosomes of neurons of AD patients' brains \[[@B36-jpm-10-00020]\], possibly playing a key role in neuronal endosomal pathway. More specifically, flotillin-1 immunoreactivity has been shown to be higher in neurons bearing NFTs in the amygdala, hippocampus, and isocortex of AD patients compared with controls \[[@B36-jpm-10-00020]\], and flotillin-1 was found to be co-localized with cathepsin-D, a lysosomal protease, indicating its contribution to lysosomal degradation \[[@B36-jpm-10-00020]\]. Of note, some neurons bearing NFTs did not contain flotillin-1, implying a possible secondary reduction in synthesis of flotillin-1 in these cells \[[@B36-jpm-10-00020]\]. Flotillin-1 has been also demonstrated to be highly enriched in extracellular Aβ plaques and neurons bearing NFTs in brain specimens of AD patients compared with PD patients and controls \[[@B4-jpm-10-00020]\]. Furthermore, it has been reported that flotillin-positive extracellular vesicles (EVs) isolated from the CSF and plasma of sporadic, late-onset AD patients contained an increased amounts of Aβ42 in their external surface compared with age-matched neurologically healthy controls, which could be internalized by cortical neurons and acted in a neurotoxic manner, by impairing Ca^2+^ homeostasis, causing mitochondrial dysfunction, increasing the vulnerability of neurons to excitotoxicity, and triggering neuronal apoptosis \[[@B37-jpm-10-00020]\]. On the contrary, the EVs derived from controls displayed no neurotoxic effects \[[@B37-jpm-10-00020]\]. These effects were also observed in vivo in transgenic APP and presenilin-1 mice, as well *as* in vitro in neural cells expressing presenilin-1 mutations of familial AD \[[@B37-jpm-10-00020]\]. It was also reported that impaired autophagy could enhance the release of EVs \[[@B37-jpm-10-00020]\]. Of note, these flotillin-positive EV-mediated effects have been shown to be prevented via Aβ antibody treatment, highlighting the essential role of Aβ in the EV-induced neurotoxicity \[[@B37-jpm-10-00020]\]. Furthermore, another study has demonstrated that flotillin-1-positive exosomes isolated from postmortem brain sections of AD patients were highly enriched in toxic Aβ oligomers compared with healthy controls, which could be transferred into recipient's cultured neurons \[[@B38-jpm-10-00020]\]. Disruption of the production, release, or uptake of these exosomes was shown to attenuate the spreading of Aβ oligomers and Aβ-induced neurotoxicity \[[@B38-jpm-10-00020]\]. Furthermore, a neuropathological study in brain tissues from AD patients has also reported that flotillins are also present in granulovacuolar degeneration (GVD) bodies \[[@B39-jpm-10-00020]\], which are basophilic perinuclear vacuoles accumulating in neurons of AD patients \[[@B40-jpm-10-00020]\]. Moreover, it has been indicated that levels of flotillin-2, along with other endocytic-associated proteins, were increased in brain sections of older non-demented humans \[[@B41-jpm-10-00020]\]. Given the fact that age is a significant risk factor for AD development, these data further strengthen the potential contribution of flotillins in the pathophysiology of AD. These findings suggest that flotillin-positive exosomes may play a key role in AD pathogenesis and particularly, be implicated in the prion-like propagation of Aβ pathology in AD.

3.2. Evidence from In Vivo Models {#sec3dot2-jpm-10-00020}
---------------------------------

In addition to human studies, a growing body of preclinical evidence demonstrates the key role of flotillin in the pathogenesis of AD, shedding more light into the underlying molecular mechanisms ([Table 1](#jpm-10-00020-t001){ref-type="table"}).

More specifically, flotillin-1 was present in endosomes of neurons in the amygdala, hippocampus, and isocortex of transgenic mice expressing human mutant APP and presenilin-1 \[[@B21-jpm-10-00020]\]. Furthermore, intracellular Aβ has been shown to accumulate in early and late endosomes of the endocytic pathway that is positive for flotillin-1 in transgenic ArcAβ mice \[[@B4-jpm-10-00020]\], overexpressing human APP 695 (and containing the Swedish and Arctic mutations in a single construct). Another study demonstrated that knockout of *flotillin-1* gene (with or without additional knockout of *flotillin-2* gene) in transgenic mice overexpressing APP and mutant presenilin-1 was associated with reduced Aβ accumulation and plaque deposition \[[@B50-jpm-10-00020]\]. However, no significant differences in APP clustering or endocytosis were observed in mouse embryonic fibroblasts with no flotillin-1 expression \[[@B50-jpm-10-00020]\]. Another study has indicated that treadmill exercise could inhibit amyloidogenic APP cleavage and subsequent Aβ production in the brain of APP and presenilin-1 transgenic mouse models, by suppressing lipid raft formation and flotillin-1 levels \[[@B51-jpm-10-00020]\]. Furthermore, it has been reported that treatment of senescence-accelerated mouse prone 8 mice with *Yizhijiannao* granule, a Chinese medicinal compound, could downregulate flotillin-1 levels in the temporal lobes of the animals \[[@B52-jpm-10-00020]\]. Interestingly, it has been demonstrated that copper could inhibit the association of flotillin-2 with lipid rafts by redistributing it into non-raft fractions, thus decreasing the endocytosis and processing of APP in membrane microdomains both in vitro and in mutant APP transgenic mice \[[@B49-jpm-10-00020]\]. Previous works have shown that copper can attenuate Aβ production \[[@B54-jpm-10-00020]\], and suppression of flotillin-2-mediated APP processing in rafts may represent one potential underlying mechanism. On the other hand, there is also evidence indicating that clathrin-independent endocytic pathways may not play a significant role in APP processing, since flotillin levels have been shown to remain unchanged in mutant APP transgenic mice, compared with proteins associated with clathrin-dependent pathways \[[@B53-jpm-10-00020]\]. Nevertheless, these findings highlight the important implication of flotillins in the pathogenesis of AD, however, further studies are needed for deeper understanding of the underlying molecular mechanisms.

3.3. Evidence from In Vitro Studies {#sec3dot3-jpm-10-00020}
-----------------------------------

There is also a growing amount of in vitro evidence investigating the role of flotillins at a molecular level. Specifically, flotillin-1 was shown to directly interact with the intracellular domain of APP (AICD), the C-terminus of APP consisting of 57--59 amino acids, while the residues 189--282 of flotillin-1 were found essential for this interaction. \[[@B42-jpm-10-00020]\]. In this context, it has been demonstrated that the overexpression of FKBP12, a protein interacting with AICD, could trigger the amyloidogenic APP processing pathway in vitro, possibly by altering the affinity of AICD to flotillin-1 \[[@B43-jpm-10-00020]\]. AICD has been demonstrated to play an important role in signal transduction via the interaction with specific PTB domain-containing proteins, including X11 and Fe65 \[[@B55-jpm-10-00020]\]. Flotillin-1 has been also found to interact with leucine-rich glioma inactivated 3 (LGI3), a protein that is implicated in the internalization of APP in neurons \[[@B44-jpm-10-00020]\]. More specifically, flotillin-1 was indicated to stabilize LGI3, and downregulation of the LGI3/Flo1 complex directly affected APP trafficking, by disrupting the formation of exosomes \[[@B44-jpm-10-00020]\]. Another study has revealed that knockdown of flotillin-2 by small interfering RNA (siRNA) could impair APP endocytosis in primary cultures of hippocampal neuronal cells, resulting in reduced Aβ production in tissue cell cultures \[[@B45-jpm-10-00020]\]. In addition, this study has demonstrated that flotillin-2 was able to act as a scaffold protein and enhance APP clustering at the surface of the plasma membrane, leading to APP endocytosis via a clathrin-dependent pathway \[[@B45-jpm-10-00020]\]. Moreover, it has been indicated that flotillin-1 could bind to BACE1, whereas flotillin-1 overexpression was associated with increased recruitment of BACE1 into rafts and reduced activity of β-secretase in vitro \[[@B46-jpm-10-00020]\]. Another study showed that flotillin-1 was able to directly interact with the dileucine motif in the cytoplasmic domain of BACE1, thus affecting its endosomal sorting. The flotillin-2--BACE1 interaction was shown to be indirect at least partially via flotillin-1 \[[@B47-jpm-10-00020]\]. Depletion of both flotillins was also indicated to be associated with more prominent perinuclear localization and accumulation of overexpressed BACE1 into late endosomes in HeLa cells in which the expression of flotillin expression was knocked down via lentiviral shRNAs, suggesting that flotillins may affect its subcellular localization \[[@B47-jpm-10-00020]\]. Additionally, flotillin-1 knockdown was demonstrated to result in overexpression of BACE1, and flotillin-2 knockdown led to increased amyloidogenic processing of endogenous APP in the same cellular system, possibly by affecting BACE1 trafficking \[[@B47-jpm-10-00020]\]. Therefore, flotillins play a major role in BACE1 trafficking and expression, thus affecting APP cleavage. Moreover, neuroblastoma cells that were transfected with mutant *dynamin (DNM) 2* gene, in which a specific polymorphism has been associated with late-onset AD in non-carriers of the apolipoprotein E-ε4 allele \[[@B56-jpm-10-00020]\], displayed higher levels of flotillin, and APP was predominantly localized in the lipid rafts \[[@B48-jpm-10-00020]\].

Taken together, flotillins have been shown to affect APP endocytosis and processing, Ca^2+^ homeostasis, mitochondrial dysfunction, neuronal apoptosis, Aβ-induced neurotoxicity, and prion-like spreading of Aβ, thus playing an emerging role in AD pathogenesis.

4. Flotillin as a Novel Biomarker Candidate for AD: Clinical Evidence {#sec4-jpm-10-00020}
=====================================================================

CSF analysis is considered as the most reliable biofluid for detection of biomarkers of the central nervous system (CNS) disorders since it allows a more accurate elucidation of the underlying molecular processes in the brain. However, its acquisition requires lumbar puncture, which is an invasive procedure. Alternatively, blood biomarkers present a more optimal approach, and enormous research efforts are made towards this direction. However, the abundance of proteins in the plasma compared with the CSF limits the efficacy of this strategy for several molecules including Aβ~42~, and the results of respective clinical studies are often inconsistent \[[@B57-jpm-10-00020]\]. In this regard, plasma neuron-derived exosomes obtained from AD patients have been shown to contain higher levels of Aβ42 and phosphorylated tau protein compared with controls, highlighting their potential usage as AD biomarkers \[[@B57-jpm-10-00020]\]. Several methodological concerns remain to be clarified for the estimation of exosomes per se in AD, since their detection in blood or CSF may be affected by conditions of sample storage, temperature, and the use of anticoagulants \[[@B57-jpm-10-00020]\]. Although various techniques for the isolation of exosomes from biofluids have been developed, there is still no established validated reference method for their effective purification \[[@B57-jpm-10-00020]\].

Flotillin, as one of the main components of exosomes, has been recently proposed as an alternative single molecule that could be used as an AD biomarker. Proteomic analyses have already indicated that flotillins are constituents of CSF-derived exosomes \[[@B58-jpm-10-00020],[@B59-jpm-10-00020]\]. Importantly, flotillin levels can be relatively easily measured by ELISA method and/or immunoblot analysis \[[@B10-jpm-10-00020]\], providing a significant advantage compared with other biomarker candidates that may require more expensive and specialized equipment.

Interestingly, a recent clinical study has indicated that flotillin levels were lower not only in the CSF, but also in the serum of AD patients, compared with subjects with mild cognitive impairment (MCI) or age-matched non-AD controls \[[@B10-jpm-10-00020]\]. Additionally, CSF and serum flotillin levels have been shown to be reduced in patients with AD-related MCI, compared with non-AD-related MCI (determined by PiB-PET) \[[@B10-jpm-10-00020]\]. Investigation of postmortem brain tissues further revealed that flotillin levels were also lower in the cerebroventricular fluid (CVF) samples obtained from AD patients compared with subjects with vascular dementia \[[@B10-jpm-10-00020]\]. Furthermore, flotillin levels have been found to be negatively correlated with amyloid burden, as shown by the mean cortical PiB retention levels in PiB-PET \[[@B10-jpm-10-00020]\]. However, flotillin-2 levels were shown elevated in brain sections of older non-demented humans compared with younger individuals \[[@B41-jpm-10-00020]\], as well as levels of plasma neuron-derived exosomes were lower in aged HIV-infected individuals compared with controls \[[@B60-jpm-10-00020]\], raising concerns regarding the efficacy of flotillin levels to effectively discriminate between AD and normal ageing. In this regard, flotillin levels were found to remain stable with advancing age in healthy controls in the abovementioned study \[[@B10-jpm-10-00020]\], highlighting the possibility that their levels may not be affected by ageing process itself.

Although clinical evidence on the diagnostic utility of flotillins in AD is limited and the subject is still in its infancy, these findings strongly support the promising role of flotillin as a novel early CSF and serum diagnostic biomarker for AD ([Figure 1](#jpm-10-00020-f001){ref-type="fig"}). Future studies with larger sample size are therefore required for the validation of these results.

5. Discussion and Future Perspectives {#sec5-jpm-10-00020}
=====================================

Accumulating evidence highlights the emerging implication of flotillins in AD pathogenesis, through their implication in APP endocytosis and processing, Ca^2+^ homeostasis, mitochondrial dysfunction, neuronal apoptosis, Aβ-induced neurotoxicity, and prion-like spreading of Aβ. Importantly, there is also clinical evidence suggesting their potential use as biomarker candidates for AD, based on the reduced serum and CSF levels observed in AD patients compared with controls that correlated with amyloid burden.

On the other hand, there are specific challenges related to the development of flotillins as valid AD biomarkers. Firstly, it is important to note that flotillins are universally expressed by all cell types, and consist as a component of all subtypes of extracellular vesicles, independently to their density or size \[[@B61-jpm-10-00020]\]. In addition, it has been indicated that the concentration of plasma neuron-derived exosomes was lower in neurocognitively impaired individuals (regardless of the cause) in comparison with controls \[[@B60-jpm-10-00020]\]. Furthermore, flotillin-1 has been reported to be enriched in exosomes from CSF samples obtained from patients at early stage of severe traumatic brain injury, although no comparisons with control subjects were made in this study \[[@B62-jpm-10-00020]\]. Moreover, levels of CSF exosomal α-synuclein have been shown to distinguish patients with Parkinson's disease, dementia with Lewy bodies, and controls with other neurological disorders, and correlate well with cognitive impairment \[[@B63-jpm-10-00020]\]. However, flotillin-1 levels were shown to be higher in neurons bearing NFTs in brain specimens of AD compared with PD patients \[[@B4-jpm-10-00020]\]. Nevertheless, these findings raise important concerns about the specificity of flotillin detection in AD, and highlight the need for future comparative studies in age-matched patients with other neurological disorders.

Notably, accumulating evidence reveals the potential role of tissue flotillin levels as prognostic biomarkers in various types of solid tumors, including breast cancer and lung carcinoma \[[@B64-jpm-10-00020]\]. Although data about plasma flotillin levels in cancer patients are lacking, other comorbidities including tumors should be also considered for the evaluation of flotillin levels in AD patients. Furthermore, preclinical evidence has demonstrated that several types of statins may alter the expression of flotillins in brain plasma membrane \[[@B65-jpm-10-00020]\], implying that treatment with statins may affect flotillin levels in AD patients. In addition, the potential effects of anti-cholinesterase inhibitors, currently prescribed for AD patients, on flotillin levels should be also considered.

Another issue that should be mentioned is the selective detection of flotillin-1 and -2 levels in the CSF. In this context, it has been indicated that flotillin-2 levels were positively correlated with flotillin-1 levels in the CSF obtained from patients after severe traumatic brain injury \[[@B62-jpm-10-00020]\]. Nevertheless, further research is required regarding the differential role of both types of flotillins in the serum and CSF of AD patients.

Apart from flotillins, another mechanism of clathrin-independent endocytosis involves caveolins, which have been also implicated in Aβ production \[[@B66-jpm-10-00020]\]. Caveolin-1 levels have been increased in the cortex and hippocampus of brain specimens from AD patients compared with age-matched controls \[[@B67-jpm-10-00020]\], indicating another potential endocytosis-associated biomarker candidate for AD that could be further investigated.

Importantly, it has been shown that specific gene polymorphisms of the *neuronal sortilin-related receptor* (*SORL1*), which is highly implicated in the APP endosomal trafficking, may affect the susceptibility to AD development \[[@B68-jpm-10-00020]\]. It has been shown that specific polymorphisms of *flotillin-2* gene may be associated with coronary artery disease in the Chinese population. Given the connection of hypercholesterolemia with AD development \[[@B18-jpm-10-00020],[@B69-jpm-10-00020]\], further research is needed for the potential link between these *flotillin-2* polymorphisms and AD risk.

6. Conclusions {#sec6-jpm-10-00020}
==============

Collectively, flotillin may serve as a single CSF or blood biomarker, or be used supplementary to CSF Aβ42 and tau levels, as well as PET neuroimaging findings for more efficient and earlier AD diagnosis. However, additional larger comparative studies with age-matched controls and patients with other neurodegenerative disorders are needed for the validation of their usage as biomarkers for AD in clinical settings.
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###### 

In vitro and in vivo evidence about the role of flotillin in Alzheimer's disease (AD).

  S.N.   Type of Study          Main Findings                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        Reference
  ------ ---------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------
  1      *In vitro*             Flotillin-1 directly interacted with the intracellular domain of APP (AICD), and the residues 189-282 of flotillin-1 were essential for this interaction                                                                                                                                                                                                                                                                                                                                             \[[@B42-jpm-10-00020]\]
  2      *In vitro*             FKBP12 overexpression enhanced the amyloidogenic APP processing, possibly by affecting the affinity of AICD to flotillin-1                                                                                                                                                                                                                                                                                                                                                                           \[[@B43-jpm-10-00020]\]
  3      *In vitro*             Flotillin-1 could stabilize LGI3, and LGI3/Flo1 complex downregulation could directly affect APP trafficking via the disruption of exosome formation                                                                                                                                                                                                                                                                                                                                                 \[[@B44-jpm-10-00020]\]
  4      *In vitro*             si-RNA-mediated flotillin-2 knockdown impaired APP endocytosis in primary cultures of hippocampal neurons, and reduced Aβ production in tissue cell culturesFlotillin-2 acted as a scaffold protein and enhanced APP clustering at the plasma membrane and subsequent APP endocytosis in a clathrin-dependent manner                                                                                                                                                                                 \[[@B45-jpm-10-00020]\]
  5      *In vitro*             Flotillin-1 bound to BACE1, whereas flotillin-1 overexpression was associated with increased recruitment into rafts and reduced activity of BACE1                                                                                                                                                                                                                                                                                                                                                    \[[@B46-jpm-10-00020]\]
  6      *In vitro*             Flotillin-1 could directly interact with the dileucine motif in the cytoplasmic domain of BACE1, thus affecting its endosomal sortingFlotillin-2-BACE1 interaction was at least partially mediated by flotillin-1Depletion of flotillin-1 and -2 led to increased accumulation of overexpressed BACE1 into late endosomes in shRNA-mediated flotillin knockdown HeLa cellsFlotillin-1 knockdown resulted in overexpression of BACE1Flotillin-2 knockdown increased amyloidogenic processing of APP   \[[@B47-jpm-10-00020]\]
  7      *In vitro*             Neuroblastoma cells transfected with mutant *DNM 2* gene displayed higher flotillin levels, and APP was mainly localized in the lipid rafts                                                                                                                                                                                                                                                                                                                                                          \[[@B48-jpm-10-00020]\]
  8      *In vivo & in vitro*   Copper inhibited the association of flotillin-2 with lipid rafts via its redistribution into non-raft fractions, resulting in the reduction of endocytosis and processing of APP in membrane microdomains both in vitro and in mutant APP transgenic mice                                                                                                                                                                                                                                            \[[@B49-jpm-10-00020]\]
  9      *In vivo*              Endosomes of neurons in the amygdala, hippocampus, and isocortex of APP and presenilin-1 transgenic mice contained flotillin-1                                                                                                                                                                                                                                                                                                                                                                       \[[@B21-jpm-10-00020]\]
  10     *In vivo*              Intracellular Aβ was accumulated in early and late endosomes positive for flotillin-1 in transgenic ArcAβ mice                                                                                                                                                                                                                                                                                                                                                                                       \[[@B4-jpm-10-00020]\]
  11     *In vivo*              Knockout of *flotillin-1* gene (with or without additional knockout of flotillin-2 gene) in APP and presenilin-1 transgenic mice was correlated with reduced Aβ accumulation and plaque formationNo differences on APP clustering or endocytosis were indicated in mouse embryonic fibroblasts with flotillin-1 depletion                                                                                                                                                                            \[[@B50-jpm-10-00020]\]
  12     *In vivo*              Treadmill exercise inhibited amyloidogenic APP cleavage and Aβ production in APP and presenilin-1 transgenic mice by inhibiting flotillin-1 levels and lipid raft formation                                                                                                                                                                                                                                                                                                                          \[[@B51-jpm-10-00020]\]
  13     *In vivo*              Treatment of senescence-accelerated mouse prone 8 mice with Yizhijiannao granule reduced flotillin-1 levels                                                                                                                                                                                                                                                                                                                                                                                          \[[@B52-jpm-10-00020]\]
  14     *In vivo*              Flotillin levels were not altered in mutant APP transgenic mice, compared with proteins associated with clathrin-dependent pathways                                                                                                                                                                                                                                                                                                                                                                  \[[@B53-jpm-10-00020]\]

AD, Alzheimer's disease; APP, amyloid precursor protein; Aβ, amyloid β; LGI3, leucine-rich glioma inactivated 3; BACE1, beta-site APP cleaving enzyme 1; DNM, dynamin; FKBP12, FK506-binding protein; shRNAs, short hairpin RNAs; siRNAs, small interfering RNAs.
